Non-tuberculous mycobacteria (NTM) are ubiquitous in the environment and cause disease in patients with HIV/AIDS, children with genetically based susceptibility affecting Th1 responses and a small subset of older persons. Over the last decade, diagnoses of pulmonary disease due to NTM (particularly *Mycobacterium avium* and *Mycobacterium intracellulare* complex) have increased worldwide, predominantly in post-menopausal women, in whom disease typically presents as nodular bronchiectasis.^[@bib1],\ [@bib2],\ [@bib3],\ [@bib4]^ For example, a comparison of isolates obtained in 1999 and 2005, and data from the Queensland notification scheme showed the incidence of notified cases of clinically significant pulmonary disease rose from 2.2 (1999) to 3.2 (2005) per 100 000 population. The pattern of disease changed from predominantly cavitary disease in middle-aged men who smoke to fibronodular disease in elderly women. *M. intracellulare* is the main pathogen associated with the increase in isolates speciated in Queensland.^[@bib5]^ NTM disease carries significant morbidity and requires an intensive antibiotic regimen.^[@bib6],\ [@bib7]^ However, few studies have addressed mechanisms behind susceptibility to NTM in adults with no known risk factors or immunological defects.

The outcome of mycobacterial infection is influenced by Th1 cytokines,^[@bib8]^ so poor production of these cytokines in response to mycobacterial antigens is a candidate mechanism. This should be assessed in relation to population-based controls matched by age and geographic location (that is, exposure) with the patients. Two studies reported poor production of Th1 cytokines (including interferon gamma (IFNγ)) by T cells from NTM patients. However, Kwon *et al.*^[@bib9]^ used cells stimulated with phytohemagglutinin rather than mycobacterial antigens and Vankayapati *et al.*^[@bib10]^ restricted the control cohort to donors with a positive skin test response to mycobacteria. The age of these controls was not specified. Mycobacterial antigens and matched controls were used in a study by Kim *et al.*,^[@bib11]^ which concluded that patients with pulmonary NTM infection are taller and leaner than control subjects, with high rates of scoliosis, pectus excavatum and mitral valve prolapse, but without recognized immune defects.

We also reported similar (or higher) frequencies of CD4^+^ T cells producing IFNγ (detected by intracellular flow cytometry) after stimulation with staphylococcal enterotoxin B, tuberculin or sensitin in patients with pulmonary *M. avium* and *M. intracellulare* infection compared with healthy controls. In addition, IFNγ levels in culture supernatants from NTM patients were not deficient.^[@bib12]^ This suggests that susceptibility to pulmonary NTM disease is not associated with deficiencies in numbers of CD4^+^ T cells producing IFNγ or their production of IFNγ. The corollary is that there may be functional deficiencies in macrophages from patients with pulmonary NTM disease. Poor macrophage activation via the IFNγR could also promote NTM disease, reflecting the devastating effect of mutations affecting this receptor seen in children.^[@bib13],\ [@bib14]^

Ligation of Toll-like receptor (TLR)2 by lipomannan (LM) is important in the response to mycobacteria.^[@bib15],\ [@bib16]^ Ryu *et al.*^[@bib17]^ reported reduced levels of TLR2 mRNA in peripheral blood monocytes after exposure to *M. avium* and *M. intracellulare* complex in NTM patients compared with healthy controls, but responses initiated via TLR2 were not investigated.

No studies to date have assessed macrophage function in NTM disease. As mature macrophages from the lung are difficult to source, we used monocyte-derived macrophages (MDMs) to find functional defects that could predispose to NTM. MDMs were cultured with LM, lipopolysaccharide (LPS) or recombinant human (rh) IFNγ to assess cytokine and chemokine production; specifically interleukin (IL)-6, IL-10, tumor necrosis factor-alpha (TNFα) and C-X-C motif chemokine 10 (CXCL10). Offspring of the patients were included as an additional control group, as their alignment with patients (rather than population controls) would suggest a genetic basis for any differences observed.

Results
=======

TLR2 expression and IL-6 production by MDMs may be low in NTM patients
----------------------------------------------------------------------

MDMs were cultured for 24 h with or without LM or LPS. Expression of TLR2 was assessed by flow cytometry, and levels of TNFα, IL-6 and IL-10 were assessed in supernatants. Compared with unstimulated cells, MDMs from all donors expressed more TLR2 after stimulation with LM or LPS (*P*=0.0006--0.024, Kruskal--Wallis test). The median level of TLR2 was marginally lower in NTM patients ([Figure 1a](#fig1){ref-type="fig"}). This difference became significant (*P*\<0.05 and *P*\<0.01 for LM and LPS, respectively) when MDMs from NTM patients were compared with MDMs from all healthy donors (offspring and healthy controls pooled).

Levels of TNFα or IL-10 produced in response to LM or LPS were similar in NTM patients, offspring and controls ([Figures 1b and c](#fig1){ref-type="fig"}). However, cells from NTM patients produced less IL-6 than cells from controls in response to LPS (Mann--Whitney\'s test; *P*\<0.01). IL-6 production in response to LPS appeared low in offspring as well as patients, but this did not reach statistical significance (*P*=0.063). IL-6 production in response to LM was lower in NTM patients than controls (*P*=0.047; [Figure 1d](#fig1){ref-type="fig"}).

In patients, levels of all three cytokines was directly correlated after stimulation with LM (*r*=0.57--0.74; *P*\<0.001--0.0025, Spearman\'s correlation), so there is no evidence that IL-10 suppresses the pro-inflammatory response in NTM patients. LM-induced production of IL-10 and TNFα by cells from patients also correlated with their expression of TLR2 (*r*=0.51--59; *P*=0.002--0.01), providing a mechanism for low responses. Individual variation in these parameters did not correlate with treatment outcome (data not shown).

NTM disease is not associated with impaired MDM responses to IFNγ
-----------------------------------------------------------------

MDMs were cultured for 24 h in the presence of media alone or two concentrations of rhIFNγ, and CXCL10 was measured by enzyme-linked immunosorbent assay. Macrophages from NTM patients, offspring and controls produced similar levels of CXCL10 across all culture conditions (*P*=0.057--0.49; [Figure 2a](#fig2){ref-type="fig"}). Stimulation of MDMs with 10 ng ml^−1^ rhIFNγ reduced expression of IFNγR1 in cells from NTM patients (Wilcoxon\'s matched pair test, *P*\<0.0001), offspring (*P*=0.0024) and healthy controls (*P*=0.0029), but created no differences between groups (*P*=0.65--0.94; [Figure 2b](#fig2){ref-type="fig"}).

Blood monocytes from NTM patients and healthy controls display a similar phenotype and capacity for cytokine production
-----------------------------------------------------------------------------------------------------------------------

Uncultured peripheral blood mononuclear cells (PBMCs) from a subset of donors (*n*=10--12) were used to assess expression of TLR2 and TLR4 on CD14^+^ monocytes. PBMCs were then stimulated for 6 h with LPS or LM to assess production of IL-6 and TNFα. Monocytes from patients and controls did not differ significantly in their expression of TLR2 or TLR4 ([Figure 3a](#fig3){ref-type="fig"}), or in production of IL-6 or TNFα ([Figures 3b and c](#fig3){ref-type="fig"}). Although the median level of IL-6 production may be slightly lower in NTM patients in response to LPS, the trend did not reach statistical significance (*P*=0.118; Mann--Whitney\'s test).

MDMs from NTM patients exhibit a normal capacity for phagocytosis and production of intracellular inflammatory mediators
------------------------------------------------------------------------------------------------------------------------

To determine whether an impairment in phagocytosis was associated with NTM disease, MDMs from healthy controls, offspring and patients were cultured for 2 h with rabbit IgG fluorescein isothiocyanate (FITC)-conjugated latex beads. There was no significant difference in the phagocytic capacities of MDMs across subject groups ([Figure 4](#fig4){ref-type="fig"}). Intracellular levels of COX-1, COX-2 and inducible nitric oxide synthase were measured by flow cytometry following stimulation with LM or LPS. Levels were not deficient in MDMs from NTM patients, compared with offspring or healthy controls (data not shown).

Discussion
==========

The potential for defects in the functional capacity of macrophages to contribute to susceptibility to pulmonary NTM disease has not been addressed previously. Here we evaluated MDMs as a model for mature macrophages, such as are found in the lung. We included adult offspring of NTM patients as a healthy population sharing genetic factors with the patients.

A balance between TNFα and IL-10 production by macrophages is important in the regulation of inflammation. Excessive TNFα production may promote tissue damage, whereas IL-10 may suppress immune responses and subsequent clearance of bacteria.^[@bib18]^ Here there were positive correlations between levels of IL-10, IL-6 and TNFα induced by LM, so the inflammatory response is not dominated by either TNFα or IL-10 in MDMs from NTM patients. It should be considered that many patients had been on effective therapy for over 6 months at the time of study. This may influence bacterial load and host immune responses, but an intrinsic (genetically determined) defect in macrophage activation would still be apparent.

Ryu *et al.*^[@bib17]^ reported poor induction of TLR2 mRNA in blood monocytes (purified by adherence) from NTM patients, 4 h after stimulation with live *M. avium.* This correlated with poor production of TNFα and IL-12.^[@bib17]^ It may be important that the cohort (*n*=17) included 9 patients infected with *Mycobacterium abscessus*; this generates a distinct and severe clinical presentation. Here induced expression of TLR2 was also low in MDM patients, but induction of IL-10 and TNFα was not depressed, so there is no evidence of a defect in signaling following ligation of TLR2. However, patients produced low levels of IL-6 in response to LPS, suggesting a subtle difference in the induction of this cytokine. This warrants further investigation, as IL-6 is involved in the induction of IL-17, and we have previously demonstrated poor production of IL-17 by CD4 T cells from patients drawn from the same cohort.^[@bib12]^

It is also important to evaluate phagocytosis and intracellular killing in the setting of pulmonary NTM disease. Here the intracellular protein levels of COX-1, COX-2 and inducible nitric oxide synthase were not deficient in MDMs from NTM patients following stimulation with LM or LPS. Moreover, MDMs from NTM patients were not deficient in their capacity to take up fluorescently labeled beads ([Figure 4](#fig4){ref-type="fig"}), but assays using live mycobacteria are planned.

Expression of IFNγR1 was not deficient on MDMs from NTM patients following unstimulated culture or following stimulation by rhIFNγ ([Figure 2](#fig2){ref-type="fig"}). Decreased expression of IFNγR1 was seen with increasing concentrations of rhIFNγ, suggesting intact negative feedback in both NTM patients and healthy donors. This effect is paralleled by a significant increase in CXCL10 production by MDMs with increasing concentrations of rhIFNγ similarly evident across all groups (confirmed by Wilcoxon\'s matched pairs tests, *P*\<0.0001--0.013). These results suggest that pulmonary NTM disease is not associated with deficient macrophage responses to IFNγ in terms of an ability to bind IFNγ (through IFNγR1) or become activated by rhIFNγ as evidenced by production of CXCL10. In accordance with this finding, plasma levels of CXCL10 were elevated in NTM patients from this cohort.^[@bib19]^

Offsprings are genetically similar to the patients and may share a past or current exposure to the same NTM. Differences between patients and offsprings may be due to the disease process or may reflect genetic differences. Overall, there were no differences in MDM responses between patients and their offspring. However, offsprings were younger than the patients and some may develop NTM infection later in life. Healthy age-matched relatives of the patients would be ideal to study, but most patients had no siblings living locally.

At this point, it is feasible that MDMs may not usefully model lung macrophages from pulmonary NTM patients. For example, human blood monocytes, MDMs and alveolar macrophages differ in their patterns of TLR expression.^[@bib20]^ Macrophages may be functionally polarized, with M1 or M2 phenotypes distinguished by gene profiling. M1 macrophages are pro-inflammatory, whereas M2 macrophages are important in resolving chronic infections and are weakly microbicidal. Genotypic and phenotypic indicators of an M2 profile characterize lepromatous lesions, whereas macrophages from tuberculoid granulomas possess an M1 phenotype.^[@bib21]^ This warrants study in pulmonary NTM disease. Culture conditions may bias the polarization of MDMs, limiting their capacity to reveal differences relevant *in vivo.*^[@bib22],\ [@bib23]^

In summary, pulmonary NTM disease was not associated with deficient responses of MDMs to IFNγ. However, subtle deficiencies in TLR pathways may limit IL-6 production and perhaps IL-17 responses. Further research should utilize alveolar macrophages.

Methods
=======

Study population and sample collection
--------------------------------------

PBMCs were collected from 26 patients with pulmonary NTM disease, attending outpatient clinics at Royal Perth Hospital (WA, Australia) between March 2007 and June 2010 (23 females, 3 males; median (range)=66 (54--82) years old). Pulmonary NTM disease was diagnosed using guidelines of the American Thoracic Society.^[@bib6]^ All patients had disease due to *M. intracellulare* or *M. avium*. Exclusion criteria included cystic fibrosis, current smoking, HIV infection, alcohol excess or use of immunosuppressive medications; this evaluation was made by the patients\' treating physician. At the time of study, 21 patients had been on treatment for \>6 months (with 13 responding, 5 not responding and 3 patients partially responding to treatment) and 5 patients were treatment-naive. PBMCs were also collected from 12 adult offsprings (3 females, 9 males; 43 (27--66) years old) and from 12 healthy population controls (6 males, 6 females; 66 (54--82) years old), none of who reported a history of mycobacterial disease. Offsprings were significantly younger than patients and controls (*P*\<0.0001, unpaired *t*-test). The study was approved by the Ethics Committee of Royal Perth Hospital, and informed written consent was obtained from all participants.

PBMC isolation and culture
--------------------------

PBMCs were isolated by Ficoll density centrifugation and cryopreserved in fetal calf serum containing 10% dimethyl sulfoxide. Once thawed, PBMCs were resuspended at 1 × 10^6^ cells per ml in culture medium (RPMI containing 10% fetal calf serum, 1% penicillin/streptomycin solution and 2 mℳℒ-glutamine) and cultured for 6 h at 37 °C in polypropylene tubes containing media alone, 10 μg ml^−1^ LM (InvivoGen, San Diego, CA, USA) or 10 ng ml^−1^ LPS (Sigma, St Louis, MO, USA). Brefeldin A (BD Biosciences, San Diego, CA, USA) was added with the antigens to allow detection of cytokine production.

Monocyte isolation, generation of MDMs and culture with stimulants
------------------------------------------------------------------

Monocytes were isolated from PBMCs using EasySep magnetic separation (StemCell Technologies, Melbourne, VIC, Australia) to \>90% purity based on expression of CD14. Enriched monocytes were cultured for 5 days in Teflon vials at 1 × 10^6^ cells per ml in culture medium supplemented with 25 ng ml^−1^ macrophage colony-stimulating factor (ISOkine; ORF Genetics, Kopavogur, Iceland), with a half media change on day 3. A mature macrophage phenotype was confirmed by upregulation of CD80, HLA-DR and 25F9. MDMs were cultured at 10^5^ cells per ml for 24 h at 37 °C in Immunosorp tubes (Nunc, Roskilde, Denmark) in media alone or with 10 μg ml^−1^ LM (InvivoGen), 10 ng ml^−1^ LPS (Sigma) or 10 or 100 ng ml^−1^ rhIFNγ (ISOkine; ORF Genetics). Supernatants were collected after 24 h and stored at −80 °C.

Flow cytometry
--------------

PBMCs and MDMs were washed with 1% bovine serum albumin in phosphate-buffered saline and then stained for either surface markers alone (15 min, room temperature in the dark) or for surface and intracellular markers using Cytofix/Cytoperm reagents (BD Biosciences). The following conjugated monoclonal antibodies were used: CD14-PECy7 (clone M5E2) from BioLegend (San Diego, CA, USA); CD16-APC-H7 (3G8), CD80-PE (L307.4), HLA-DR-Alexa647 (G46-6), IL-6 FITC (AS12), TNFα PE (MAb11) and TLR2 Alexa647 (11G7) from BD Biosciences; and TLR4-PE (HTA125) from eBioscience (San Diego, CA, USA). Viability was confirmed using DAPI (4\',6-diamidino-2-phenylindole; Invitrogen, Grand Island, NY, USA) in which cells were stained for surface markers alone, and a Fixable Aqua LIVE/DEAD stain (Invitrogen) in which cells were also stained for intracellular markers. Data were acquired using a FACSCanto II cytometer (BD Biosciences) immediately after staining. A minimum of 10 000 MDM events and 100 000 lymphocyte and monocyte events were recorded and analyzed using FlowJo software version 7.6.1 (Tree Star, Ashland, OR, USA). Following exclusion of non-viable cells, doublets were excluded using forward-scatter height and area parameters.

Quantification of cytokines and chemokines in MDM culture supernatants
----------------------------------------------------------------------

Levels of IL-6, IL-10 and TNFα were determined in undiluted supernatants using Cytometric Bead Array Flex Sets (BD Biosciences) and a FACSArray Bioanalyser (Software v1.0.3, BD Biosciences). Data were analyzed using FCAP Array Software v1.0.1 (Soft Flow, Pécs, Hungary). An enzyme-linked immunosorbent assay kit (BD Biosciences) was used to quantify CXCL10. The lower limit of detection was 5 pg ml^−1^ for cytometric bead array and 15 pg ml^−1^ for enzyme-linked immunosorbent assay.

Phagocytosis assay
------------------

The phagocytic capacity of MDMs was assessed using the Phagocytosis Assay Kit (Cayman Chemical, Ann Arbor, MI, USA) as per the manufacturer\'s instructions. Briefly, 5 × 10^4^ MDMs were co-cultured with latex beads--rabbit IgG--FITC solution or media alone for 2 h at 37 °C in Immunosorp tubes. The MDMs were then washed and stained for CD14-PECy7 (clone M5E2; BioLegend) and DAPI (Invitrogen). Data were acquired using a FACSCanto II cytometer (BD Biosciences). The proportion of phagocytic (FITC^+^) MDM was determined by comparison with the untreated sample. Only viable cells (DAPI^−^) were included in the analysis.

Statistical analysis
--------------------

Analyses were performed using Prism 5 (GraphPad Software, La Jolla, CA, USA) using non-parametric statistics. Kruskal--Wallis with Dunn\'s multiple comparison tests were used to compare results between pulmonary NTM patients, offspring and healthy controls. Mann--Whitney\'s tests were used to compare groups of \>6 subjects. Wilcoxon\'s matched pairs tests were used to assess the effects of culture stimulants. Spearman\'s correlations for non-parametric data were used. *P*-values less than 0.05 were considered to be statistically significant.
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![TLR2 and IL-6 responses are lower in NTM patients. TLR2 (**a**), TNFα (**b**), IL-10 (**c**) and IL-6 (**d**) responses assessed in MDMs from NTM patients (●), their offspring (○) and healthy population controls (⧫), with and without bacterial stimulation over 24 h. Horizontal lines represent median values. \**P*=0.05--0.01, patients versus offspring and population controls combined. \*\**P*\<0.01, patients versus offspring and population controls combined (**a**) or patients versus population controls (**d**).](cti20121f1){#fig1}

![Macrophages from NTM patients display normal expression of IFNγR1 and CXC10 responses to IFNγ. Levels of CXCL10 (**a**) and expression of IFNγR1 (**b**) in MDM cultures after 24 h stimulation with rhIFNγ. Horizontal lines represent median values.](cti20121f2){#fig2}

![NTM disease is not associated with reduced responses by blood monocytes. Expression of TLR2 and TLR4 on unstimulated monocytes (**a**), and percentages of monocytes expressing IL-6 (**b**) and TNFα (**c**) after 6 h stimulation. Horizontal lines represent median values.](cti20121f3){#fig3}

![MDMs from NTM patients exhibit a normal capacity for phagocytosis. The proportions of phagocytic MDMs (FITC^+^ cells) determined by co-culture with rabbit IgG FITC-conjugated latex beads for 2 h was similar between healthy controls (*n*=6), offspring (*n*=3) and NTM patients (*n*=12). Horizontal lines represent median values.](cti20121f4){#fig4}
